Escuela Nacional de Ciencias Bioló gicas, Instituto Polité cnico Nacional, 11340 Mé xico D. F., Mexico Four rhizobia-like strains, isolated from root nodules of Pisum sativum and Vicia faba grown in Anhui and Jiangxi Provinces of China, were grouped into the genus Rhizobium but were distinct from all recognized species of the genus Rhizobium by phylogenetic analysis of 16S rRNA and housekeeping genes. The combined sequences of the housekeeping genes atpD, recA and glnII for strain CCBAU 23252 T showed 86.9 to 95 % similarity to those of known species of the genus Rhizobium. All four strains had nodC and nifH genes and could form effective nodules with Pisum sativum and Vicia faba, and ineffective nodules with Phaseolus vulgaris, but did not nodulate Glycine max, Arachis hypogaea, Medicago sativa, Trifolium repens or Lablab purpureus in crossnodulation tests. Fatty acid composition, DNA-DNA relatedness and a series of phenotypic tests also separated these strains from members of closely related species. Based on all the evidence, we propose a novel species, Rhizobium anhuiense sp. nov., and designate CCBAU 23252 Leguminous plants pea (Pisum sativum) and broad bean (Vicia faba) were originally domesticated in the Middle East (Bond, 1976) . They are essential foods, vegetables and raw materials for other bean products. V. faba has been cultivated for around 6000 years and is currently grown in 57 countries (George, 1999) . Both V. faba and P. sativum are plants introduced to and widely grown in China. Mutualisms between Rhizobium leguminosarum symbiovar viciae and P. sativum or V. faba have been widely studied. Plants of V. faba strongly select rhizobia with a specific nodD type, while P. sativum plants are more promiscuous in selection of their symbionts (Laguerre et al., 2003; Mutch & Young, 2004) . In addition to R. leguminosarum, three related species Rhizobium pisi, Rhizobium fabae and Rhizobium laguerreae have been described as broad bean rhizobia (Ramírez-Bahena et al., 2008; Saïdi et al., 2014; Tian et al., 2008) , demonstrating the existence of diverse rhizobial species associated with this plant.
Rhizobium. All four strains had nodC and nifH genes and could form effective nodules with Pisum sativum and Vicia faba, and ineffective nodules with Phaseolus vulgaris, but did not nodulate Glycine max, Arachis hypogaea, Medicago sativa, Trifolium repens or Lablab purpureus in crossnodulation tests. Fatty acid composition, DNA-DNA relatedness and a series of phenotypic tests also separated these strains from members of closely related species. Based on all the evidence, we propose a novel species, Rhizobium anhuiense sp. nov., and designate CCBAU 23252 T (5CGMCC 1.12621 T 5LMG 27729 T ) as the type strain. This strain was isolated from a root nodule of Vicia faba and has a DNA G+C content of 61.1 mol% (T m ).
Leguminous plants pea (Pisum sativum) and broad bean (Vicia faba) were originally domesticated in the Middle East (Bond, 1976) . They are essential foods, vegetables and raw materials for other bean products. V. faba has been cultivated for around 6000 years and is currently grown in 57 countries (George, 1999) . Both V. faba and P. sativum are plants introduced to and widely grown in China. Mutualisms between Rhizobium leguminosarum symbiovar viciae and P. sativum or V. faba have been widely studied. Plants of V. faba strongly select rhizobia with a specific nodD type, while P. sativum plants are more promiscuous in selection of their symbionts (Laguerre et al., 2003; Mutch & Young, 2004) . In addition to R. leguminosarum, three related species Rhizobium pisi, Rhizobium fabae and Rhizobium laguerreae have been described as broad bean rhizobia (Ramírez-Bahena et al., 2008; Saïdi et al., 2014; Tian et al., 2008) , demonstrating the existence of diverse rhizobial species associated with this plant.
In the present study, root nodules of V. faba and P. sativum were collected from the fields of Anhui and Jiangxi Provinces in China and 23 fast-growing, acid-producing bacteria were isolated from surface-sterilized effective (redcoloured) nodules using the standard method on YMA plates incubated at 28 8C (Vincent, 1970) . Eighteen isolates were clustered as a group that was distant from recognized species of the genus Rhizobium according to sequences of the housekeeping gene recA (Fig S1 , available in the online Supplementary Material). Therefore, four isolates listed in Table S1 (CCBAU 23242, CCBAU 23252 T , CCBAU 33508, CCBAU 33602) were selected as representatives to continue further sequencing studies. The isolates were preserved in 20 % (w/v) glycerol at 280 8C and also stored by lyophilization.
Genomic DNA was extracted from each of the four strains using standard methods (Tan et al., 1997) . The 16S rRNA gene (Tan et al., 1997) , housekeeping genes atpD, recA and glnII (Vinuesa et al., 2005) , nodulation gene nodC (Sarita et al., 2005) and nitrogen-fixing gene nifH (Laguerre et al., 2001) were amplified and sequenced, using the extracted DNA as template and primer sets P1/P6, atpD255F/ atpD782R, recA41F/recA640R, glnII12F/glnII689R, nodC540/nodC1160 and nifH1F/nifH1R, respectively. The sequences acquired were aligned with those of type strains of species of the genus Rhizobium extracted from the NCBI nucleotide sequence database. The genetic distances between sequences were calculated using the CLUSTAL W program in the MEGA 5.0 software package (Tamura et al., 2011) , and phylogenetic trees were reconstructed using the maximumlikelihood (ML) and neighbour-joining (NJ) methods with 1000 bootstrap replications.
The ML tree of the 16S rRNA gene sequences (1318 nt) showed that the four isolates had identical 16S rRNA genes, which had the same sequence as those of R. leguminosarum USDA 2370 T , R. laguerreae FB206 T , Rhizobium indigoferae CCBAU 71042 T and Rhizobium sophorae CCBAU 03386 T , a novel species described recently (Jiao et al., 2015) (Fig. 1 , Table S2 ). The similarities between the isolates and type strains of species of the genus Rhizobium varied from 95.6 to 100 %. The NJ tree generated upon the basis of 16S rRNA gene sequences in this study was consistent with the ML tree (data not shown).
Since the novel strains had 16S rRNA gene sequences identical with those of R. leguminosarum USDA 2370 T , R. laguerreae FB206 T , R. indigoferae CCBAU 71042 T and R. sophorae CCBAU 03386 T , we used housekeeping genes to further clarify the relationships among the novel isolates and the defined species of the genus Rhizobium. The housekeeping genes recA, atpD and glnII were partially sequenced and a phylogenetic tree was reconstructed based upon the combined sequences (Fig. 2) . The similarities of concatenated partial sequences of recA, atpD and glnII genes (1249 nt) between the four isolates and type strains of species of the genus Rhizobium ranged from 85.1 to 95.6 %. Strain CCBAU 23252 T showed the closest sequence similarity of 95 % with R. leguminosarum USDA 2370 T (Table S2 ). This result agreed with the phylogenetic trees generated separately for each of the recA, atpD or glnII gene sequences (Figs S1-S3) and supported that these isolates represent a novel species, taking the species of the genus Rhizobium defined recently (Ramírez-Bahena et al., 2008; Saïdi et al., 2014; Tian et al., 2008) as references.
In order to compare strains using average nucleotide identity (ANI), genomic DNA for two representative strains CCBAU 23252 T (from Anhui province) and CCBAU 33602 (from Jiangxi province) was extracted using PowerSoil DNA isolation kits (MoBio) and then fragmented, barcoded, quantified and run as part of a batch of eight genomes on a 318 chip on an Ion Torrent PGM using the manufacturer's recommended protocols (Thermo Fisher). Each genome was assembled using the Newbler GS De novo assembler version 2.8 (Roche diagnostics) with default parameter values. ANI was calculated within the JSpecies software (Richter & Rosselló -Mó ra, 2009 ). The Nucleotide MUMmer algorithm (NUCmer) was used, with default parameter settings, to calculate the ANI by subtracting the similarity errors from the alignment length (Kurtz et al., 2004; Richter & Rosselló -Mó ra, 2009 ). Genomes were compared with each other, and with complete genome assemblies downloaded from NCBI for strains R. leguminosarum symbiovar viciae 3841 (GCA_000009265) and R. leguminosarum symbiovar trifolii WSM 1325 (GCA_000023185), which have been widely used in genetic research representing the species R. leguminosarum. The ANI between strains CCBAU 23252 T and CCBAU 33602 was 98.34-98.37 % (Table 1) , which was above the 95-96 % boundary for species definition (Richter & Rosselló -Mó ra, 2009 ), indicating that they belong to the same species. The ANI values between these strains and representatives of the most closely related species, R. leguminosarum, were below 92 % ( Table 1 ), implying that these two novel strains cannot be included in the most closely related species.
The genes nodC and nifH are essential for rhizobia to establish effective nitrogen-fixing symbioses with the host legumes. A phylogenetic tree based on part of the nifH gene sequence (350 nt) showed that the sequences of this gene in the four isolates were different, but very similar: CCBAU 23252 T and CCBAU 33602, both from V. faba, shared a similarity of 98.5 %; CCBAU 23242 and CCBAU 33508, both from P. sativum, were two single lineages (Fig. S4 ). All of them were clustered with sequence similarities of 95.2-97.9 % with the five reference strains of R. leguminosarum, R. pisi, R. fabae, R. laguerreae and R. indigoferae, which mainly originated from V. faba. The ML tree of the partial nodC gene sequences (450 nt) of all strains showed a similar phylogenetic relationship with respect to that of the nifH gene, with 93.5-99.3 % sequence similarities among the strains tested and 90.2-99.1 % sequence similarities with the closest reference strains representing R. leguminosarum, R. pisi, R. fabae, R. laguerreae and Rhizobium multihospitium (Fig. S5) , together with the host range implying all these strains belonged to symbiovar viciae.
DNA-DNA hybridization using the renaturation-rate technique (De Ley et al., 1970) between the novel bacteria and type strains of related species has been recommended as a standard method for species delineation (Graham et al., 1991) . Three replicates were tested in the present study. (Table S2) . These values further illustrated that the four isolates represent a novel genomic species in the genus Rhizobium.
BOX-PCR fingerprinting was performed by using the procedure of Versalovic et al. (1994) four novel isolates from each other (Fig. S6) Fig. 2 . ML tree based on the partial concatenated sequences of the atpD, recA and glnII genes of the novel isolates and species in the genus Rhizobium. Bootstrap values of more than 50 % for 1000 replicates of the dataset are provided on the branches. The accession numbers of the atpD, recA and glnII genes of the strains are shown in parentheses. Bar, 2 % substitution. 
within the range for the genus Rhizobium (Young et al., 2001) .
Cellular fatty acid profiles were determined to provide additional description of the novel species. T were chosen to compare their fatty acid compositions. The strains were streaked on YMA medium and cultivated at 28 8C to the late exponential phase. About 40-100 mg of wet cells was collected into sample tubes (136100 mm). Fatty acids were then extracted following the method described by Sasser (1990) and identified by the MIDI Sherlock Microbial Identification System (Sherlock licence CD v. 6.0) in the TSBA6 database. All strains were tested in the present study except R. sophorae CCBAU 03386 T and R. sophoriradicis CCBAU 03470
T , which were tested by using the same procedure at the same period in our lab as detailed in a recent publication (Jiao et al., 2015) . Thirty-three kinds of fatty acids were detected in total. Summed feature 8 (C 18 : 1 v6c/ C 18 : 1 v7c, 45.73-68.17 %), summed feature 2 (C 14 : 0 3-OH/iso-C 16 : 1 I, 4.4-12.76 %) and C 18 : 0 (4.39-9.1 %) were the dominant components in all strains (Table S3) , which was different from the previously reported results for the genera Bradyrhizobium and Mesorhizobium Zheng et al., 2013) , but similar to those reported for species of the genus Rhizobium (Tighe et al., 2000) . In comparison with the type strains of related species of the genus Rhizobium, C 18 : 1 v5c was only detected in CCBAU 23252
T in this study, indicating that this strain was different from those of other species. From the fatty acid compositions, CCBAU 23252 T was most similar to R. pisi DSM 30132 T and R. etli CFN 42 T ; however, some differences were observed: C 18 : 1 v7c 11-methyl was absent in R. etli CFN 42
T and C 20 : 2 v6,9c was absent in R. pisi DSM 30132 T , whereas both were present in CCBAU 23252 T . These distinctions provide additional evidence that CCBAU 23252 T belongs to a novel species in the genus Rhizobium.
The phenotypic features of the two representative isolates and the type strains of closely related species were assayed by using the Biolog GN2 MicroPlate to test the utilization of sole carbon sources, according to the manufacturer's instructions; a previously described method (Gao et al., 1994) was used for other characteristics such as growth temperature and pH ranges, tolerance to NaCl and antibiotics and generation time, etc. The detailed differences between the novel isolates and the type strains of related species of the genus Rhizobium are shown in Table 2 , and the characteristics that differentiate the two novel strains from the most closely related strain, R. leguminosarum USDA 2370 T , are summarized in the description of the novel species.
To further identify the host range of these isolates, crossnodulation tests were conducted in vermiculite with N-free plant nutrient solution (Vincent, 1970) . The four isolates could nodulate P. sativum and V. faba. Cross-sections of the nodules were pink (the colour of leghemoglobin), indicating that the nodules were effective for fixing nitrogen. The isolates could also form nodules with Phaseolus vulgaris, but the inside of the nodules was white, illustrating that they were ineffective. The strains could not (Jiao et al., 2015) .
nodulate Medicago sativa, Trifolium repens, Lablab purpureus, Arachis hypogaea or Glycine max.
Based on all the phenotypic, genotypic and phylogenetic characteristics obtained in this study, we identified our four strains as different from the recognized species of the genus Rhizobium and propose that the four isolates represent a novel species, Rhizobium anhuiense.
Description of Rhizobium anhuiense sp. nov.
Rhizobium anhuiense (an.hui.en9se. N.L. neut. adj. anhuiense originating from Anhui Province of China, from where the type strain was isolated).
Cells are Gram-staining-negative, non-spore-forming, aerobic rods. Colonies are translucent, cream-white and convex, with a diameter of 3-4 mm on YMA medium after incubation for 3 days at 28 uC. Cells are 0.41-0.48 mm|0.89-1.48 mm in size and have a generation time of 3.9 h when growing in YM medium at 28 uC. T 5LMG 27729 T ). The DNA G+C content of the type strain is 61.1 mol% (T m ).
